Abstract An aerosol formulation containing 7.5 mg of R-salbutamol sulfate was developed. The aerosol was nebulized with an air-jet nebulizer, and further assessed according to the new European Medicines Agency (EMA) guidelines. A breath simulator was used for studies of delivery rate and total amount of the active ingredient at volume of 3 mL. A next generation impactor (NGI) with a cooler was used for analysis of the particle size and in vitro lung deposition rate of the active ingredient at 5 1C. The antiasthmatic efficacy of the aerosol formulation was assessed in guinea pigs with asthma evoked by intravenous injection of histamine compared with racemic salbutamol. Our results show that this aerosol formulation of R-salbutamol sulfate met all the requirements of the new EMA guidelines for nebulizer. The efficacy of a half-dose of R-salbutamol equaled that of a normal dose of racemic salbutamol.
Introduction
Acute severe asthma remains a serious and debilitating disease affecting billions of people, and the prevalence of asthma is increasing 1, 2 . In China there are about 30 million asthmatics and 1/3 of the asthma patients are children. China is among the countries with the highest asthma mortality in the world 3 . Use of bronchodilators, such as short acting β 2 -adrenoceptor agonists (SABA), is recommended as the first line treatment for an asthma attack by the guidelines of GINA (Global Initiative for Asthma) launched by the World Health Organization in 1995 4 , and is also recommended by Medical Association of China 5 . Salbutamol sulfate, a SABA bronchodilator, has been one of the most common prescription drugs in China as well as in the world for several decades 6, 7 . Salbutamol is a chiral drug consisting of an R-enantiomer (the eutomer) and an S-enantiomer (the distomer). Studies have shown that the S-enantiomer of salbutamol is not only ineffective in treating asthma, but also toxic. The S-enantiomer can increase airway hyperreactivity and augment airways smooth muscle contractility in response to allergens [8] [9] [10] . These adverse effects are likely due to its pro-inflammatory effects 11, 12 and to increases in the amount of histamine released from mast cells 13, 14 . Pharmacokinetic experiments have shown that the bioavailability of the S-enantiomer is significantly higher than that of R-enantiomer after inhalation. The half-life of S-salbutamol, as indicated by elimination constants, was significantly longer than that of R-salbutamol after the racemate was inhaled, and this phenomenon was also found in oral administration, which was due to the enantioselectivity of sulphotransferase 15 . Repeated administrations of racemic salbutamol will result in successive increases in the S/R ratio as steady state is approached 16 . For patients with severe asthma, the long-term effects of inhaling racemic salbutamol can cause adverse effects, including nervousness, tremor and chest pain 17 . In controlled trials R-salbutamol caused a slightly lower incidence of nervousness than racemic salbutamol and smaller increases in heart rate 18 . S-isoprenaline and S-terbutaline, which are also used for the treatment of asthma, were also shown to evoke airway hyperresponsiveness 8 . Due to the different pharmacological effects of enantiomers, the US FDA issued a long awaited policy statement concerning the development of stereoisomeric drugs in 1992. These drugs are also known as chiral drugs 19 . Switching from racemic drugs to single enantiomer drugs has been a trend in pharmaceutical innovation in recent years 20 . The FDA approved R-salbutamol hydrochloride inhalation solution in 1999 and R-salbutamol tartrate MDI in 2005 for asthma. However, none of these R-enantiomer formulations was approved for marketing in China. Until recently, salbutamol has been marketed as a racemic mixture rather than a pure enantiomer formulation in China. It is of great significance to develop R-salbutamol for the unmet medical need in China.
Inhalation therapy is widely employed to deliver drugs to treat respiratory diseases 21 and is accepted as the first-line therapy for the treatment of pediatric asthma 22 . A nebulizer provides a convenient way for the pulmonary delivery of drugs, especially for the elderly and children. Nebulizers of racemic salbutamol are widely prescribed for asthma in China. In 2007, the EMA introduced regulatory guidance on nebulizers 23 . The guidelines require determination of the deposition rate and the use of a breath simulator for determination of the active substance delivery rate and total amount of active substance delivered. The two-glass impactor has been used to evaluate the particle size distribution for inhalers for the Chinese Pharmacopoeia (2010 edition), which can determine the dose of fine particle drug with aerodynamic diameter size less than 6.4 μm but cannot yield aerodynamic distribution 24 . The Chinese Food and Drug Administration (CFDA) likely will soon introduce similar guidelines to improve the standards of inhalers. This has imposed great challenges for developing new nebulizers that will meet these new standards. It is also important to validate the efficacy of R-salbutamol in comparison with racemic salbutamol, particularly given that there are some debates on the advantages of R-salbutamol 25 . In this study, we have developed an aerosol formulation of the optically pure enantiomer of R-salbutamol sulfate. This aerosol formulation was assessed according to the new EMA and EPAG (European Pharmaceutical Aerosol Group) guidelines for nebulizer delivery of drugs. A breath simulator and next generation impactor were used for studies on the delivery rate and total amount of the active ingredient, as well as the particle or droplet size distribution. The anti-asthmatic efficacy of the aerosol formulation was also assessed in vivo compared to racemic salbutamol sulfate formulations currently available in China.
Materials and methods

Animals
Hartley guinea pigs of either sex weighing 200750 g were obtained from the Laboratory Animal Center of Guangdong and housed in acrylic cages with food and water ad libitum under a 12-h light/dark cycle. All animals used for the studies were tested by inhaling histamine 24 h before the experiment. Animals which had a low response to histamine challenge were not used for this study. The study protocol was approved by the Ethics Committee of Animal Welfare in the School of Bioscience and Bioengineering, South China University of Technology (Guangzhou, China).
Reagents
Ventolin and DaFenKeChuang inhalation solutions were purchased from a registered pharmacy in Guangzhou. Racemic salbutamol sulfate was purchased from Yabang Pharmaceutical limited company and the quality met the requirements of Chinese Pharmacopoeia (2010 edition). R-Salbutamol sulfate was provided by Key-Pharma Biomedical Inc., Dongguan, China. The salbutamol sulfate used as reference was purchased from National Institutes for Food and Drug Control of China. Histamine was obtained from Sigma. Sodium dihydrogen phosphate, ethylcarbamate and methanol were bought from commercial sources.
Instruments
Shimadzu high performance liquid chromatography (LC-20A) was used for the quantitative analysis of salbutamol. The nebulizer (Pari Turbo boy) used in this research was obtained from PARI Respiratory Equipment Inc. The particle size distribution was determined with the next generation impactor, which was manufactured by MSP Company in USA. A breath simulator model (BRS 2000, Copley scientific company) was used to determine dose delivery rate and total active substance delivered. Physiological parameters determined for the in vivo experiments included tidal volume, intrathoracic pressure, and flow rate; respiratory frequency and heart rate were recorded with a Power Lab Data Acquisition System by AD instruments Inc.
Chromatographic conditions
The chromatographic column used for analysis was an Agilent ODS column (150 mm Â 4.6 mm, 5 μm). Mobile phase was composed of 0.08 mol/L sodium dihydrogen phosphate solution (adjusted pH value to 3.1070.05 with phosphoric acid) -methanol (85:15, v/v). The temperature during analysis was kept at 40 1C, and the detection wavelength was set at 276 nm.
Standard solution
The reference salbutamol sulfate bulk material was used for standard solutions. The solvent is composed of 15% methanol and 85% water (v/v).
Particle size distribution
NGI was operated at 15 L/min using a high capacity pump after cooling for 90 min at 5 1C according to the specifications of Chapter 2.9.44 in the EP (European Pharmacopoeia). All tests used an LC Plus nebulizer which was filled with 3 mL inhalation solution and operated as specified in the instruction manual to deliver aerosol for 10 min into the impactor circuit. The pump was kept running for an additional 10 s after each 10 min test in order to wash out the remaining liquid in the nozzle. The impactor was then dismantled and the samples were washed with ultra-pure water. The water was then removed to a volumetric flask. The flask was filled with methanol proportionally and the final ratio of water and methanol was 85:15.
Dose uniformity
For the dose-uniformity study, the operation was performed using the BRS 2000 according to the specifications of Chapter 2.9.44 in the EP. A standard sinusoidal adult pattern (500 mL tidal volume, 15 breaths/min, inhalation/exhalation ratio ¼1) was selected for the testing along with an LC Plus nebulizer filled with 3 mL of inhalation solution. The test time for delivery rate determination was 60 s but the total active substance was determined for 10 min, which was to make sure the 3 mL solution was atomized completely. It was necessary to change to a fresh filter during this process to prevent filter saturation. The filter and holder were washed after each test with ultra-pure water to remove the active ingredient. Methanol was then added to bring the final ratio of water to methanol to 85:15.
In vivo study
Guinea pigs (n ¼16) were anaesthetized with urethane (1.25 g/kg, intraperitoneal injection) and then intubated with a tracheal cannula. The jugular vein was cannulated to administer histamine. The animal was placed within a body plethysmograph (a 45 cm Â 11 cm Â 15 cm plastic box) in supine position. A 10-min stabilization was allowed in order to record baseline values including tidal volume, flow rate and intrathoracic pressure. An asthmatic response was evoked with histamine (15 μg/mL, 0.5 mL, intravenous injection) at 1 mL/min by syringe pump after inhalation of saline (3 mL in cup for 30 s). The changes in R aw (airway resistance) and C dyn (dynamic compliance of lung) after the histamine challenge were expressed as percent of the baseline in either the R-salbutamol or racemic salbutamol group. The same animal was then allowed an additional 10 min for stabilization, after which a second histamine challenge was given (15 μg/mL 0.5 mL, intravenous injection) after the inhalation of either the aerosol of R-salbutamol (0.2 mg/mL, 30 s ) or racemic salbutamol (0.4 mg/mL, 30 s). The peak changes in R aw and C dyn after histamine challenges were compared with the baseline values before the histamine challenge, and expressed as percent of the baseline (%). The percent changed from baseline (%) in R aw and C dyn after being treated with saline (control), R-salbutamol or racemic salbutamol was then compared to determine the antiasthmatic effects.
2.9. Analytical methods and statistics 2.9.1. Size distribution and dose uniformity All the samples from NGI and BRS2000 were analyzed quantitatively by HPLC according to the following equation:
where m is the content of salbutamol for unknown samples (μg); A is the peak area of unknown samples; and V is the volume of unknown samples (mL). Copley Inhaler Testing Data Analysis (CITDA, UK) software was used for analyzing the size distribution.
Pulmonary function
Pulmonary function was characterized with two indexes: R aw and C dyn , which were calculated from the parameters recorded using the following equations 26, 27 :
where ΔP R is the intrathoracic pressure (cmH 2 O); ΔV is the flow rate (derivation of tidal volume, cmH 2 O/s); and V T is the tidal volume (cmH 2 O). The percent changed from baseline (%) in R aw and C dyn after treatment with saline (control), R-salbutamol or R,S-salbutamol was calculated using the following equations:
where R 1 is the maximum value of R aw after challenge; R 0 is the mean of R aw before challenge; C 1 is the minimum value of C dyn after challenge; and C 0 is the mean of C dyn before challenge.
Comparisons were made between groups using t-test. Po0.05 was considered significant.
Results and discussion
The aerosol formulation
Salbutamol sulfate has proved to have better chemical and physical stability than salbutamol while in racemic form 28 . Research on the decomposition of salbutamol sulfate in aqueous solution indicates that the maximum stability of salbutamol in aqueous solution occurred at an acidic pH 29, 30 . Pharmaceutical requirements for an inhalation solution need to be considered carefully. Benzalkonium chloride, for example, has been classified to class I acute inhalation toxicity, and showed strong inflammatory and irritant activity on the lungs 6 h after inhalation, including increased patterns of IL-6 and IgE production 31 . Drug descriptions for levalbuterol HCl inhalation solution also conformed to the above requirements. Commercial products of racemic salbutamol at home and abroad were in the sulfate form. A hygroscopicity test was carried out using the two preparations of R-salbutamol API (Active Pharmaceutical Ingredient) under 2571 1C and 8072% (relative humidity) conditions. The hygroscopicity of R-salbutamol sulfate was less than that of R-salbutamol hydrochloride, which was preferred in further formulations. According to prescription optimization, mainly on the control of pH, the final composition for Rsalbutamol consisted of R-salbutamol 7.5 mg (or racemic salbutamol 7.5 mg) and saline 0.9%, with diluted H 2 SO 4 to adjust the pH to 3.5. The final aerosol concentration for R-salbutamol or racemic salbutamol was 2.5 mg/mL. Both preparations were sterile, clear, colorless, and preservative-free solutions.
Evaluation of the analytical methods
Standard solutions with various concentrations of salbutamol were prepared and analyzed by HPLC. The area of UV absorption at each concentration was calculated. The correlation between the concentration and area of absorption was determined using linear regression. The lineal equation was y¼9803.3xÀ3.2442 and the correlation coefficient was R 2 ¼1, where y is the concentration of R-salbutamol sulfate in solution (μg/mL) and x is the peak area of absorbance. The result indicates a high correlation between the concentration of salbutamol and area of absorbance as measured by HPLC.
Particle size distribution
Generally, drug particles from a nebulizer will deposit in different parts in lungs according to their size: those drug particles will gradually deposit in primary bronchi, bronchi, terminal bronchi and alveoli in accordance with the particle size from large to small 32, 33 . It is more valuable to determine the detailed deposition rate for inhalers with a cascade impactor, such as Anderson cascade impactor and Multistage liquid impinger and NGI. The aerosol particle size distribution (APSD) profiles of four aerosol solutions from stage-1 to MOC (micro-orifice collector) are shown in Fig. 1 .
For particle size distribution, two major indexes can be generated with CITDA software according to the curve of drug deposition in different stages: FPF% (fine particle fraction, o5 μm) and MMAD (mass median aerodynamic diameter). FPF% represented the particle amount in which the diameter was less than or equal to 5 μm. Particles with this size were considered to be respirable 34, 35 . MMAD is the diameter around which the mass of aerosol is equally divided. Both of these indices were used to evaluate the lung deposition rate in vitro in this study. These two indices were used to evaluate R-salbutamol aerosol, compared to racemic salbutamol and another commercial aerosol containing racemic salbutamol as the active ingredient. Results are shown in Table 1 . There were no significant differences (P40.05) found in either the MMAD or FPF% between R-salbutamol and the other aerosol formulations. The GSD values, which reflect the collection efficiency of the impactor, showed no significant difference between groups (P40.05).
The dose uniformity of delivery of R-salbutamol
The delivery rate and total amount of R-salbutamol delivered were evaluated following the specifications of preparations for nebulization as described in the EP. The breath simulator was connected with the nebulizer using an adult pattern to test. The amount of Rsalbutamol inhaled into BRS 2000 was quantified with HPLC compared to racemic salbutamol and other commercial aerosols with racemic salbutamol as the active ingredient. The results are shown in Table 2 . The concentration of the active ingredient in all aerosol solutions tested was 2.5 mg/mL. No significant difference was found between groups (P40.05).
The nebulizer user manual specifies that the solution volume in the cup should be between 2 and 8 mL. The solution in the cup would decrease gradually as it is atomized, which causes the aerosol to be mixed with more air when the volume is less than 2 mL. A doseuniformity test can give us more information about the amount of active ingredient delivered. The active substance delivery rate was about 2.7 μg/s for those formulations. Total active substance delivered in 10 min was less than 2 mg in our results, while the solution volume was 3 mL at first, containing 7.5 mg active substance. The total active substance inhaled onto filters of BRS 2000 was 1.814, 1.830, 1.851 and 1.777 mg (mean value) for Ventolin, DaFenKeChuang, R-salbutamol solution and racemic salbutamol solution, respectively, which amounted to 24.19%, 24.40%, 24.67% and 23.69% of the total active substance in the cup. All recovery rates were less than 25%, indicating that the respiratory parameters and nebulizer greatly influenced the active substance inhaled. Such a test might be indicative of fugitive droplet emission from nebulizers, which is a concern in some countries, after the SARS outbreaks that occurred in China during 2003. Other results from other patterns (children or neonate) can give some guidance for clinical applications because the efficacy of inhalers depended on patient compliance, formulation and device. The dose uniformity might be taken as a degree of reference for the patient 0 s respiratory status.
Until recently, all inhalers in China were required only to evaluate the particles size distribution. The CFDA has not issued related guidance for the nebulizer. Results in other labs have proved that the particle size distribution of nebulizer, when determined by the impactor method, was greatly affected by the temperature 36, 37 . It is of great importance to consider the control of temperature for nebulizer when the Chinese pharmacopoeia is revised and published in 2015. The further development of instruments for dose uniformity test is also needed.
The anti-asthmatic effect of inhaled R-salbutamol aerosol in vivo
Data analysis for in vitro studies has shown that the in-home formulation of R-salbutamol sulfate did not show any significant difference in particle size distribution and dose uniformity in comparison to the racemic formulation.
The anti-asthmatic effect of aerosol R-salbutamol was studied in guinea pigs with histamine-evoked asthma. There was a great asthmatic response evoked by histamine (15 μg/mL, 0.5 mL) indicated by an increase in airway resistance and decrease in dynamic compliance. The peak R aw and C dyn during asthma response was 425.37785.25% and À83.8571.63%, respectively, compared with that of baseline values. However, when the animal was pretreated with inhaled R-salbutamol aerosol (0.2 mg/mL, 30 s), the increase of the peak R aw was 55.23711.03% during histamine-evoked asthma, which was greatly diminished compared to no-drug treated; the peak C dyn was À48.8274.95%, which was also increased significantly (Po0.01). This indicated that the inhalation of R-salbutamol can significantly prevent asthma.
A similar test was conducted by giving a double dose of racemic salbutamol aerosol before the histamine challenge. The asthmatic responses were recorded and compared with the R-salbutamol group. The peak increase in R aw and peak decrease in C dyn were 497.30786.71% and À82.6272.85%, respectively, from baseline value in control. However, the changes in R aw (65.87714.05%) and C dyn ( À 50.8974.34%) from treated were greatly reduced after inhalation of racemic salbutamol (Po0.01). The above results indicated that the anti-asthmatic effects for a half-dose of R-salbutamol aerosol were similar to the effects of a full dose of racemic salbutamol aerosol when given by inhalation in guinea pigs. There was no statistical difference in the changes in either R aw or C dyn between R-salbutamol and racemic salbutamol groups (Fig. 2) .
Results in our pharmacodynamic experiments proved that the efficacy of R-salbutamol was equivalent in comparison to racemic salbutamol when the concentration of solution was 0.2 and 0.4 mg/mL, respectively. The bronchodilatory effect of R-salbutamol and racemic salbutamol was compared in patients with asthma. These results support the concept that S-salbutamol might have detrimental effects on pulmonary function. The improvement in FEV 1 (Forced expiratory volume in one second, Characterization of the vital capacity) was similar for R-salbutamol (0.63 mg) and racemic salbutamol (2.5 mg) and greater than R-salbutamol at 1.25 mg 38 . Absorption from the gut was not determined in this study. The distribution of sulfotransferase, which metabolizes salbutamol, was very different between lung and gut.
After inhaling R-salbutamol, double absorption peaks on the plasma concentration versus time curves were observed in the majority of dogs, which was thought to be due to the result of combined gut and lung adsorption of R-salbutamol 39 . However, if subjects were co-administered oral activated charcoal which can prevent absorption from the gut, the plasma concentration-time profiles of R-salbutamol and S-salbutamol after inhalation showed the same trend with intravenous administration 40 . These indicated that a significant proportion of an inhaled dose was swallowed and then underwent the enantioselective presystemic metabolism observed following an oral dose, while no evidence of enantioselective metabolism of R-salbutamol in the lungs was found after inhaling racemic salbutamol 40 . Adverse effects of S-salbutamol may not be immediately obvious. Subjects in Nelson 0 s research were not administered any materials, which can prevent the adsorption of gut. When they were treated by means of nebulization, part of the drug aerosol would be absorbed from the gut, and most of R-salbutamol would be metabolized more quickly than S-salbutamol, which causes the accumulation of S-enantiomer in humans after 28 days. This also explained why the efficacy of R-salbutamol 0.63 mg was similar with racemic salbutamol 2.5 mg, but no evaluation was carried out in vitro to compare the particle distribution and dose uniformity for the formulations used in this research.
The animal model used in these experiments completely avoids the influence of gut adsorption, as the aerosol was inhaled through tracheal intubation. Both airway resistance and dynamic compliance of lung were evaluated according to this approach. This method can be appropriate for the evaluation of β 2 -adrenoceptor agonists on the improvement of asthma between the single enantiomer and racemic mixture when no significant difference was found in in vitro experiments. While the anti-asthma effect was tested in an acute episode of the asthma model, further research remains to be carried out to validate the adverse effects of R-salbutamol sulfate and racemic salbutamol sulfate after long-term inhalation.
Conclusions
Our results show that this aerosol formulation R-salbutamol sulfate met all the requirements of the new EMA guidelines for nebulizer use. The R-salbutamol aerosol formulation showed the same potent antiasthmatic effects as the racemic salbutamol formulation although at half the dose. It avoided the use of S-salbutamol, which has been shown to result in adverse effects. Therefore, this aerosol formulation of R-salbutamol sulfate may have therapeutic advantages in the control of asthma in comparison to aerosol formulations of racemic salbutamol sulfate which are currently commercially available in China.
